ABSTRACT
INTRODUCTION
The epidermal growth factor receptor (EGFR) is a member of the ErbB family of receptors that is abnormally activated in many epithelial tumors. This receptor family comprise four related receptors: the epidermal growth factor receptor itself (EGFR/ErbB1), ErbB2 (HER2/neu), ErbB3, and ErbB4 (1) . Activation of the EGFR protein tyrosine kinase results in the recruitment and phosphorylation of several intracellular substrates. A major downstream signaling route of the EGFR family is via the Ras-Raf-mitogen-activated-protein-kinase-(MAPK) pathway. Activation of Ras initiates a multistep phosphorylation cascade that leads to the activation of MAPKs, ERK1, and ERK2. ERK1/2 regulate transcription of molecules that are linked to cell proliferation, survival, and transformation. Another important target in EGFR signaling is phosphatidylinositol 3-kinase (PI3K) and the downstream protein-serine/threonine kinase Akt. Akt transduces signals that trigger a cascade of responses from cell growth and proliferation to survival and motility (2) .
There is strong evidence in support of targeting the EGFR as cancer therapy: the EGFR is frequently overexpressed and/or abnormally activated in tumors; receptor overexpression correlates with a worse outcome; and early studies with anti-EGFR monoclonal antibodies directed at the EGFR were shown to inhibit the growth of cancer cells bearing the EGFR (for review of the rationale, see ref. 3) . Two main anti-EGFR strategies are currently in clinical development: monoclonal antibodies that are directed at the ligand-binding extracellular domain and that prevent ligand binding and ligand-dependent receptor inhibition; and low-molecular-weight tyrosine kinase inhibitors that compete with ATP for binding to the tyrosine kinase portion of the receptor. These two classes of agents have shown solid preclinical and clinical activity in a variety of tumor types (for review, see ref. 4 ).
An important question is whether the monoclonal antibodies and the low-molecular-weight tyrosine kinase inhibitors, share similar mechanisms of action that could potentially make them interchangeable or whether, on the contrary, they have substantial mechanistic differences that could be exploited clinically. At first glance, these two classes of agents have similar mechanisms of action: they prevent ligand-induced receptor activation and block signaling of EGFR-dependent pathways. There is, however, evidence that some of their mechanisms of action and their antitumor effects are not completely overlapping. Anti-EGFR monoclonal antibodies, but not the low-molecular-weight tyrosine kinase inhibitors, have the capacity to form receptor-containing complexes that result in receptor internalization, an important mechanism for attenuating receptor signaling (5) . In addition, anti-EGFR monoclonal antibodies can elicit antibody-dependent cellular cytotoxicity (ADCC; ref. 6 ). On the other hand, the low-molecular-weight EGFR tyrosine kinase inhibitors can induce the formation of inactive EGFR homodimers and EGFR/HER2 heterodimers, which impair EGFR-mediated transactivation of the potent HER2 tyrosine kinase (7) (8) (9) . In terms of their antiproliferative effects, we had previously reported, in cultured cancer cells inhibited by lowmolecular-weight EGFR tyrosine kinase inhibitors, that the addition of monoclonal antibodies can result in further antitumor activity (10) . In addition, emerging data from the clinic suggest that these agents have different activity profiles (11, 12) .
On the basis of these considerations supporting the hypothesis that these two classes of anti-EGFR strategies have complementary mechanisms of action, we decided to study and characterize the effects of the combined treatment with cetuximab, an anti-EGFR monoclonal antibody, and gefitinib, an oral low-molecular-weight tyrosine kinase inhibitor of the EGFR. These two agents, cetuximab and gefitinib, were chosen because they have been extensively studied in the laboratory and they are in advanced clinical development (for review, see ref. 4) . We have studied the effects of the combination of cetuximab and gefitinib on human cancer cell lines and in an EGFR-dependent human tumor xenograft model. We have also evaluated the effects of these two agents on receptor signaling, proliferation, apoptosis, and vascularization. Finally, to further define the differences between gefitinib and cetuximab we have analyzed, using cDNA arrays, changes in gene expression profiles induced by both agents.
MATERIALS AND METHODS
Compounds. EGFR-tyrosine kinase inhibitor gefitinib (ZD1839; Iressa; kindly provided by AstraZeneca Pharmaceuticals, Macclesfield, United Kingdom) and monoclonal antibody anti-EGFR cetuximab (IMC-C225; Erbitux; kindly provided by Merck KGaA, Darmstadt, Germany) were used for in vitro and in vivo assays. The primary antibodies used for Western blot assays were as follows: rabbit polyclonal phospho-p44/42 MAPK (Thr202/ Tyr204) antibody, rabbit polyclonal p44/42 MAPK antibody, rabbit polyclonal phospho-Akt (Ser473) antibody, and rabbit polyclonal Akt antibody (all from Cell Signaling Technology, Beverly, MA); and mouse monoclonal anti-phospho-EGFR (Y1173) antibody and mouse monoclonal anti-EGFR (non-phospho-Y1173) antibody (from Upstate Biotechnology, Lake Placid, NY). For immunohistochemical studies, the primary antibodies used were mouse monoclonal clone 74 anti-phospho-EGFR (from Chemicon, Temecula, CA), mouse monoclonal Ki67 antibody clone MIB-1, mouse monoclonal anti-EGFR antibody clone 2--18C9, and mouse monoclonal anti-CD34 antibody clone QBEnd 10 (from DakoCytomation, Carpinteria, CA). The primary antibodies for phospho-MAPK and phospho-Akt were the same used for Western blot assays.
Cell Lines. Vulvar squamous carcinoma cells [A431 (13) (16) , and BT-474 (10)] were obtained from the American Type Culture Collection (Manassas, VA). Cell lines were maintained as monolayers at 37°C and 5% CO 2 /air in DMEM/Ham's F-12 supplemented with 10% fetal bovine serum and glutamine (2 mmol/L); and, in the case of BT-474 and MDA-MB-435S, insulin at 0.01 g/mL was added.
Growth Assays. Cells were seeded into six-well culture plates at 10 5 cells per well. After attachment (24 hours), cells were exposed to different concentrations of gefitinib (0.1, 1, and 10 mol/L) and/or cetuximab (0.5, 5, and 50 nmol/L) for 72 hours. After drug incubation, cells were washed once with PBS, harvested in 0.1% trypsin-1 mmol/L EDTA in PBS, and counted with a Coulter counter.
Western Blot Analyses. Western blot assays were performed as previously reported (19) with minor modifications. In brief, A431 tumor cells were grown in 100-mm dishes until subconfluence and then exposed to gefitinib (0.1 and 1 mol/L) and/or cetuximab (0.5 and 5 nmol/L) for 2 hours. After removal of media, cells were washed twice with ice-cold PBS and scraped into ice-cold lysis buffer [50 mmol/L HEPES (pH 7.0), 10% glycerol, 1% Triton X-100, 5 mmol/L EDTA, 1 mmol/L MgCl 2 , 25 mmol/L NaF, 50 g/mL leupeptin, 50 g/mL aprotinin, 0.5 mmol/L orthovanadate, and 1 mmol/L phenylmethylsulfonyl fluoride]. After removal of cell debris by centrifugation, protein concentration was determined by Lowry assay (DC Protein assay, Bio-Rad, Hercules, CA). Lysate samples containing equal amounts of protein were then added to SDS-PAGE loading buffer with 5% ␤-mercaptoethanol and heated 5 minutes at 100°C. Electrophoretic transfer to nitrocellulose membranes was followed by immunoblotting with the primary antibodies described in the "Compounds" section. Finally, membranes were hybridized with the appropriate horseradish peroxidaseconjugated secondary antibody (Amersham Pharmacia Biotech, Little Chalfont, United Kingdom) and were detected via chemiluminescence with the SuperSignal West Dura Extended Duration Substrate (Pierce, Rockford, IL).
RNA Extraction, Probe Synthesis, and Hybridization on cDNA Arrays. Total RNA was isolated from A431 untreated cells (controls, n ϭ 2) and cells treated with gefitinib (0.1 and 1 mol/L) or cetuximab (0.5 and 5 nmol/L) for 24 hours (n ϭ 4). Total RNA was isolated with TRIZOL reagent (Life Technologies, Inc., Gaithersburg, MD) as indicated by the manufacturer. Purity of isolated RNA was evaluated spectrophotometrically by the A260-to-A280 absorbance ratio. Three micrograms of total RNA from endometrial samples and Universal Human Reference RNA (Stratagene) were used as control, and T7-(deoxythymidine) 24 oligonucleotide primers were used to amplify the double-strand cDNA synthesis by the Superscript Choice System (Life Technologies, Inc., Gaithersburg, MD). In vitro transcription was carried out with Megascript T7 (Ambion, Austin, TX). Amplified RNA was obtained and purified with TRIZOL reagent, and the integrity was measured spectrophotometrically by the A260-to-A280 ratio or by gel electrophoresis. Three micrograms of amplified RNA was used to generate fluorescence cDNA by transcriptional synthesis with Superscript enzyme protocol (Life Technologies, Inc.). In a set of hybridizations (n ϭ 6), all of the cell samples were labeled with Cy5-dUTP fluorochrome (Amersham, Uppsala, Sweden) and the reference pool with Cy3-dUTP fluorochrome (Amersham), as described previously (20, 21 ). An additional set of hybridizations (n ϭ 6) was carried out after labeling the samples and pool with the reverse fluorochrome (Cy3-dUTP for the samples and Cy5-dUTP for the pool).
Hybridization was performed in 4ϫ standard saline citrate, 1ϫ bovine serum albumin, 2 g/mL DNAs, and 0.1% SDS at 42°C for 15 hours. Slides were washed, dried, and then scanned in a Scanarray 5000 XL scanner (GSI Lumonics Kanata, Ontario, Canada) at wavelengths of 635 and 532 nm for Cy5 and Cy3 dyes, respectively, to obtain 10-m resolution images, which were quantified with the GenePix Pro 4.0 program (Axon Instruments Inc., Union City, CA).
The cDNA array chip is a new version of the CNIO Oncochip (22) manufactured by the CNIO Genomic Unit (http:// bioinfo.cnio.es/data/oncochip). 5 This version contains 9,726 clones corresponding to 6,386 different genes. The chip includes 2,489 clones that have been printed in duplicate to assess reproducibility.
Data Analysis. Fluorescence intensity measurements from each array element were compared with the median of local background in each channel, and the elements with values less than this median were excluded. In addition, all spots smaller than 25 m were manually deleted. After applying these filters, a total of 5,345 spots were evaluated. The expression ratios of the duplicated spots on the array were averaged. The final expression ratio for each gene in treated cells was obtained after dividing its value into that obtained in untreated control cells.
To find a set of genes that were differentially expressed in cells treated with different compounds (gefitinib and cetuximab), we used a t test after 10,000 permutations. We considered genes to be differentially expressed if they had an unadjusted P value of Յ0.03. Statistical comparison was performed with the POMELO (CNIO, Madrid, Spain) program. 6 Validation data. Semiquantitative reverse transcription-PCR and quantitative real-time PCR (TaqMan) were carried out to validate data of cDNA microarrays of selected genes.
Semiquantitative reverse transcription-PCR was performed with Superscript II system for reverse transcription beginning with 0.5 g of total RNA and random primers in a 20-L reaction volume. cDNA product and 0.4 to 1 g oligonucleotide were heated at 95°C for 5 minutes, followed by 30 cycles of PCR amplification: 94°C denaturing during 1 minute, 55°C to 58°C annealing for 1 minute, and 72°C extension for 1 minute, followed for 10 minutes at 72°C as final extension. Primers sequences were designed with a OLIGO 4.0 program for the amplification of selected sequences of the following genes: PI3KCD, Forward (F), 5Ј-GCCTTCCCCAGACAGAAACA-3Ј, and Reverse (R), 5Ј-GGAGCACACTTTGCAAAGCC-3Ј; PLAU (F), 5Ј-GGACTGAAGCCTGCAGGAGT-3Ј, and (R), 5Ј-CCT-ATAACCTCTCCCAGAAAGA-3Ј; EMS1 (F), 5Ј-GCAGTTT-CCACACGGGCTGTCC-3Ј, and (R), 5Ј-GCAGGCCACGCT-GTGTCCATC-3Ј; CDH1 (F), 5Ј-GACGCGGACGATGATG-TGAAC-3Ј, and (R) 5Ј-TTGTACGTGGTGGGATTGAAGA-3Ј; and GAPDH (F), 5Ј-TGGTATCGTGGAAGGACTCAT-GAC-3Ј, and (R), 5Ј-ATGCCAGTGAGCTTC CCGTTCAGC-3Ј. PCR products were visualized on 3% agarose gels stained with ethidium bromide, and images were captured and quantified by Quantity One (Bio-Rad, Hercules, CA).
Quantitative real-time PCR (TaqMan) was performed as previously reported (22) . As internal standard, we used ␤2-microglobuline (Applied Biosystems, Foster City, CA). The sequence of oligonucleotides and TaqMan probes used for the analysis of TRAIL were obtained with the Assays-by-Design (SM) File Builder program (Applied Biosystems).
A431 Xenografts in Nude Mice. All of the experimental procedures were approved, and mice were maintained and treated in accordance with institutional guidelines of Vall d'Hebron University Hospital Animal Care and Use Committee. Six-to-eight-week-old female BALB/c athymic (nuϩ/nuϩ) mice were purchased from Charles River Laboratories (Paris, France). The initial body weight of the animals at the time of arrival was between 18 and 20 g. Mice were allowed to acclimatize to local conditions for 1 week before receiving injections of cancer cells. Mice were housed in air-filtered laminar flow cabinets and handled with aseptic procedures with a 12-hour light cycle and food and water ad libitum. Logarithmically growing A431 cells were harvested by trypsinization, and each mouse was given injections of 1 ϫ 10 6 cells subcutaneously into the right flank
In these experiments, tumors were allowed to reach a predetermined size before the start of treatment with vehicle (control), gefitinib, cetuximab or a combination of both at the dose and schedule described. Animals in the control group were treated with an orally given vehicle (0.05% Tween/d by mouth) and sterile PBS given by intraperitoneal injection twice a week. Gefitinib was diluted in 0.05% Tween.
Tumor growth was assessed twice weekly by caliper measurement. Tumor volume (mm 3 ) was calculated by the formula /6 ϫ larger diameter ϫ (smaller diameter) 2 Results are presented as mean Ϯ SEM. Student's t test was used to compare tumor sizes among different groups at the end of treatment. In the study design I and II, all of the mice were sacrificed at the end of treatment, and their tumors were harvested for immunohistochemical analysis, except for tumor-free mice, which continued to be monitored for an additional 8 months. In the study design III, mice were followed until tumors grew to a size mandating sacrifice.
Immunohistochemistry. For immunohistochemical analysis, excised tumors were fixed immediately in 10% buffered neutral formalin for 18 hours, and then were dehydrated and paraffin embedded. Immunostaining was performed with 4-m tissue sections placed on plus-charged glass slides. After deparaffinization in xylene and graded alcohols, endogenous peroxidase was blocked by immersing the sections in 0.03% hydrogen peroxide for 5 minutes. Slides were washed for 5 minutes with Trisbuffered saline solution containing Tween 20 at pH 7.6 and incubated with the same primary antibodies used for Western blotting, followed by incubation with a specific anti-immunoglobulin horseradish peroxidase-conjugated to detect antigen-antibody reaction (DakoCytomation, Carpinteria, CA). Sections were then visualized with 3,3Ј-diaminobenzidine as a chromogen for 5 minutes and were counterstained with hematoxylin. Slides were washed in tap water, dehydrated, and mounted with glass coverslips. All of the immunohistochemical stainings were performed in a Dako Autostainer, and the same sections incubated with nonimmunized serum were used as negative controls. As positive control, sections of a head and neck human tumor with a known expression of the markers were stained. The percentage of stained tumor cells was scored from these sections in 10 high-power optical microscopic fields (ϫ400) in a blinded fashion, and the average percentage of tumor cell staining for each antibody was calculated. Grading of positivity ranged from a score of 1% to 100%. This scoring was used for statistical analysis.
Apoptosis Assay. To evaluate treatment-induced apoptosis, we plated 3 ϫ 10 6 A431 cells in complete medium in 150-mm tissue culture dishes and incubated them with different concentrations of gefitinib and/or cetuximab. After 3 days, both adherent and detached cells were harvested. Then, cells were centrifuged at 1000 rpm and were fixed in 10% buffered neutral formalin, dehydrated, and paraffin embedded. Additionally, apoptosis was determined in the resected tumors. terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) was performed on 4-m sections from cell and tissue blocks. Slides were deparaffined and rehydrated through graded alcohols to water, were digested with proteinase-K (20 g/mL) for 10 minutes, were washed in PBS, and were incubated with equilibration buffer (TdT buffer) for 15 minutes, followed by incorporation of 16-dUTP-fluorescein (Roche Diagnostics Gmbh, Mannheim, Germany) in the presence of working-strength TdT for 90 minutes at 37°C. Distilled water instead of TdT was used for negative controls. Stop-wash TB solution was used for 15 minutes to stop the reaction, whereafter the sections were washed in PBS, and nuclei were stained with 0.1 g/mL 4Ј-diamidino-2-phenylindone (DAPI) for 5 minutes. Slides were viewed with a fluorescence microscope (Nikon E400, Tokyo, Japan), and apoptotic cells were quantified and expressed as percentage of total number of cells, in 10 random fields at ϫ400.
Tumor Vascular Density. Intratumoral microvessels were stained with an anti-CD34 antibody by immunohistochemistry. The Chalkley counting method was applied for estimating the vascular density in the tumors. A 25-random-point Chalkley reticule (Chalkley grid area 0.196 mm 2 , Olympus, Tokyo, Japan) was used in an optical microscope at ϫ250, and the dots on or within the vessels in the stroma of tumors were counted. Five microscopic fields were evaluated in each tumor, and the mean value was calculated.
Analysis of Combination Effect. In vitro drug interactions were analyzed according to Chou and Talalay (23) with the Calcusyn program (Biosoft, Cambridge, United Kingdom). This software calculates the median effect dose, D m , (analogous to the IC 50 ) of the drug combinations with the median effect equation. Determination of synergy or antagonism was quantified by the combination index (CI). CI ϭ 1 indicates an additive effect, CI of Ͻ1 indicates synergy, and CI of Ͼ1 indicates antagonism. In vivo combination analysis was performed by the fractional product method (24) . According to this method, the effects of two or more drugs, when combined, can be calculated by multiplying the fractional tumor volume by each single drug. If the effect of the drugs acting simultaneously is equal to, larger than, or smaller than that calculated, it has been assumed that additivity, synergism, or antagonism, respectively, has occurred.
RESULTS

In vitro Effects of the Combined Treatment with Gefitinib and Cetuximab on a Panel of Cancer Cell Lines.
We evaluated the in vitro antiproliferative activity of gefitinib and cetuximab given alone or in combination on a panel of human cancer cell lines with different expression of EGFR and HER2. For this purpose, we selected tumor cell lines that we had previously determined to have medium-to-high EGFR and low HER2 levels, such as A431, MDA-MB-468, DiFi, and DU145 cells; tumor cell lines with high HER2 and low EGFR levels, such as BT-474, SK-BR-3, MDA-MB-453 and T-47D cells (7); the MDA-MB-435S cells, which are known to express very low or undetectable levels of both receptors, were included in the assays (7) (8) (9) .
The growth-inhibitory effects of single-agent gefitinib and cetuximab are shown in Fig. 1 . In summary, cetuximab markedly inhibited the proliferation of cell lines with medium-tohigh levels of EGFR (A431, MDA-MB-468, DiFi, and DU145), but did not inhibit the growth of cell lines with low level of EGFR expression. As expected, gefitinib, in addition to inhibiting the growth of cells with elevated EGFR expression, inhibited also the proliferation of cell lines with high levels of HER2 (BT-474 and SK-BR-3 cells) or with an active HER2 pathway (MDA-MB-453 cells; refs. 7-9, 18). Gefitinib and cetuximab did not inhibit growth of MDA-MB-435S cells, which express very minimal or no EGFR levels.
To evaluate the nature of the interaction between gefitinib and cetuximab (additive or synergistic), combination analyses were performed with the Combination Index (CI) method (23) . Using fixed doses of gefitinib and cetuximab, we assessed the effects of the combination in our panel of cancer cells (Fig. 1) . CI values for the combination treatment with gefitinib and cetuximab were Ͻ1 (synergism) for all cell lines with mediumto-high level of EGFR-expression (A431, MDA-MB-468, DiFi, and DU145). In contrast, no cooperative effects between gefitinib and cetuximab were observed in tumor cell lines expressing low or undetectable EGFR levels, regardless of their HER2 status (BT-474, SK-BR-3, T-47D, MDA-MB-453, and MDA-MB-435S).
To further confirm the superiority of combined treatment over single-drug exposure, we planned experiments with the maximally effective dose of cetuximab, given alone or in combination with gefitinib. As shown in Fig. 2A , the antiproliferative effect of cetuximab on tumor cell lines that are growth inhibited by the monoclonal antibody is dose dependent until a concentration of 10 nmol/L is reached; higher doses do not further inhibit growth (plateau effect). In a subsequent experiment, A431 cells were exposed to different concentrations of gefitinib (0.1, 1, and 10 mol/L), in combination with cetuximab at plateau doses (10, 20 , and 50 nmol/L). An additive growth-inhibitory effect was found for each treatment point (Fig. 2B) . Therefore, gefitinib in a situation of maximal growth inhibition by cetuximab results in an additional dose-dependent inhibition of cell growth. The converse could not be studied because gefitinib does not have a plateau effect, probably because of nonspecific kinase inhibition at higher doses. 
Effects of Gefitinib and Cetuximab on EGFR Signaling
Pathways and Apoptosis. We assessed the effects of gefitinib and cetuximab on phosphorylation of EGFR, MAPK, and Akt, in A431 cells (Fig. 3A) . The doses of gefitinib and cetuximab that caused a decline in cell proliferation were the same that reduced EGFR, MAPK, and Akt activation (phosphorylation), according to Western blot analysis. A more pronounced decrease in the levels of phosphorylation of each marker was observed after combined treatment with gefitinib and cetuximab, as compared with treatment with each single drug, at two different dose combinations [gefitinib (mol/L)/cetuximab (nmol/L): 0.1/0.5 and 1/5]. This short-time treatment (2-hour) with gefitinib and cetuximab did not produce any significant changes in the endogenous levels of EGFR, MAPK, or Akt (data not shown).
We determined next whether the combined treatment could enhance the apoptotic effect of each drug given separately (Fig.  3B) . The percentage of apoptotic cells was determined on day 3 from the beginning of treatment with gefitinib and/or cetuximab. Both agents alone induced apoptotic cell death in a dose-dependent manner. However, treatment with the combination resulted in greater induction of apoptosis when compared to either of the agents given alone. The lower dose combination, 0.1 mol/L gefitinib plus 0.5 nmol/L cetuximab, induced apoptosis in 14% of cells, whereas the same doses of gefitinib and cetuximab given alone resulted in apoptosis in only 1.5 and 3% of cells, respectively. Likewise, at the higher dose level (1 mol/L gefitinib plus 5 nmol/L cetuximab) the apoptotic rate was 37%, clearly superior to the 8 and 10% of apoptosis with single-agent gefitinib and cetuximab, respectively.
In vivo Studies of the Combination of Gefitinib and Cetuximab in A431 Human Tumor Xenografts in Nude
Mice. To characterize the in vivo effects of the combination, we conducted a series of experiments in A431 human tumor xenografts, a cell line that expresses high levels of EGFR.
In the study design I, we used single-agent doses of gefitinib (25 and 50 mg/kg/d) and cetuximab (1 mg per mouse, twice a week) that only partially inhibit tumor growth without inducing any complete tumor remission (Fig. 4) . In contrast, the combination of gefitinib (25 mg/kg) ϩ cetuximab resulted in a 92% growth inhibition and induced complete remission in 3 of 10 animals, whereas regression of established A431 tumors was observed in 100% (10 of 10) of animals treated with the combination of gefitinib (50 mg/kg) ϩ cetuximab (Table 1 ). In this Note. Study design I and III treatment was initiated when tumors were ϳ200 mm 3 in size; study design II treatment was initiated when tumors were ϳ500 mm 3 in size. * Percentage of tumor growth inhibition relative to control, at the end of the treatment (study design I, day 31; study design II, day 36; study design III, day 34).
† Tumor-free animals/total number of animals, at the end of the treatment. ‡ Body weight at the end of the treatment. latter group, no tumors regrew after 8 months from the completion of therapy. All of the treatments were well tolerated, and there were no signs of toxicity or body weight loss during therapy. Analysis of the in vivo interaction between both drugs was performed by the fractional product method. Table 2 summarizes relative tumor volume of treated groups on three different time points in this experimental design (I). Combination therapy with gefitinib (25 mg/kg) and cetuximab (1 mg per mouse) showed a synergistic effect on tumor-growth inhibition at the various analyzed time points. On day 7, there was a 2.2-fold improvement in antitumor activity in the combination group when compared with the expected additive effect. On day 21, the gefitinib and cetuximab combination group showed a 7.8-fold higher inhibition of tumor growth over an additive effect (expected fractional tumor volume). Similar results were obtained with combination therapy with gefitinib (50 mg/kg) and cetuximab (1 mg per mouse; data not shown).
In the study design II, a more stringent test for the combination was provided because a larger tumor burden was allowed to develop before treatment start (tumor size ϳ500 mm 3 ; Fig. 5 ). In this setting of greater initial tumor burden, equal or higher doses of gefitinib (50 or 100 mg/kg), and cetuximab (1 or 1.5 mg per mouse) than in study design I resulted in only a partial inhibition of tumor growth. On the other hand, combination therapy with cetuximab and gefitinib resulted in a significant inhibition of tumor growth compared with cetuximab or gefitinib given alone (P Ͻ 0.001). Complete regression of these large tumors was observed in the combination group in almost all (11 of 12) of the tumors treated with gefitinib 50 mg/kg and in all (12 of 12) of the tumors treated with gefitinib 100 mg/kg (Table 1) . At the end of treatment, tumor-free mice belonging to the groups treated with combination therapy were monitored for an additional 8 months. Some tumors (7 of 11) in the group treated with the lowest dose of gefitinib (50 mg/kg) plus cetuximab resumed growth in this follow-up period. However, all of the mice (12 of 12) in the higher-dose combination group remained in complete remission for the duration of the follow-up period. Table 3 shows the analysis of the enhanced combination effect at different time points during therapy in the Fig. 5 Antitumor activity of gefitinib, cetuximab, and the combination in A431 human tumor xenografts (study design II). When tumors reached 500 mm 3 in size, the mice were divided in groups of 12 animals each and treatment was started. f, control; E, gefitinib, 50 mg/kg/d; OE, gefitinib, 100 mg/kg/d; *, cetuximab, 1 mg twice a week; ‚, cetuximab, 1.5 mg twice a week; Ⅺ, gefitinib(50 mg/kg/d) ϩ cetuximab (1.5 mg twice a week); F, gefitinib (100 mg/kg/d) ϩ cetuximab (1.5 mg twice a week). Animals were treated for 3 weeks and were then sacrificed on day 36 with the exception of tumor-free animals that were monitored for tumor recurrence. Data are expressed as mean (bars, SEM) tumor volume. Student's t test was used to compare tumor sizes among different groups at the end of treatment. Gefitinib (50 or 100 mg/kg) and cetuximab, 1 mg, versus control (P Ͼ 0.05 for all comparisons); cetuximab, 1.5 mg, versus control (P Ͻ 0.01); gefitinib 50 mg/kg ϩ cetuximab 1.5 mg, versus gefitinib 50 mg/kg (P Ͻ 0.001); gefitinib 50 mg/kg ϩ cetuximab 1.5 mg, versus cetuximab 1.5 mg (P Ͻ 0.001); gefitinib 100 mg/kg ϩ cetuximab 1.5 mg, versus gefitinib 100 mg/kg (P Ͻ 0.001); gefitinib 100 mg/kg ϩ cetuximab 1.5 mg, versus cetuximab 1.5 mg (P Ͻ 0.001). experimental design II. The indices (R) for combination therapy with gefitinib (50 mg/kg) and cetuximab (1.5 mg) were Ͼ1, indicating a synergistic interaction between the drugs. Similar findings were observed for combination therapy with gefitinib (100 mg/kg) and cetuximab (1.5 mg; data not shown).
In the study design III, the objective was to compare whether high single-agent doses of gefitinib and cetuximab could prove equivalent to lower doses of both agents given in combination (Fig. 6 ). In the case of gefitinib, the chosen dose was 200 mg/kg/d, the highest published dose that had been used in xenograft models and that had been reported to induce complete, but transient, tumor regressions (25) . The chosen high dose for cetuximab was 1.5 mg per mouse twice a week, which was 50% higher than the highest published dose in xenograft models (26) High-dose single-agent cetuximab and gefitinib were able to induce complete tumor regressions in 6 of 10 and 10 of 10 animals, respectively (Table 1) . However, in concordance with prior studies (25, 26) , all of the tumors resumed growing when treatment was discontinued. In contrast, the combination of lower doses of gefitinib and cetuximab (50 mg/kg and 1 mg, respectively) resulted in a complete regression of tumors in all mice (Table 1) . Furthermore, all of the animals in this group remain tumor free at 4 months of follow-up.
Immunohistochemical Analysis. An immunohistochemical analysis of A431 tumors excised at the end of treatment in the experimental design I was performed. Because a 100% of tumor growth inhibition was observed in tumor-bearing mice treated with the combination of gefitinib (50 mg/kg) and cetuximab (1 mg per mouse), a satellite group treated with this combination was included to obtain tumor samples for immunohistochemical analysis. Mice from this satellite group were sacrificed 5 days after treatment start (90% of tumorgrowth inhibition with respect to untreated control group), and their tumors were taken for analysis.
The results showed a significant decrease of pEGFR, pMAPK, and pAkt in tumor samples belonging to the combination groups compared with each single-drug therapy and control group (P Ͻ 0.01; Table 4 ; Fig. 7A ). Moreover, a reduction in tumor cell proliferation (Ki67) and tumor vascularization (CD34), and an increase in tumor cell apoptosis (TUNEL) were observed in tumors treated with the combination of gefitinib and cetuximab (Fig. 7B) . The combined treatment resulted in a Ͼ36-fold decrease in tumor cell proliferation, a Ͼ3.5-fold decrease in vessel staining, and Ͼ2.7-fold increase in tumor cell apoptosis, compared with either agent alone or control group (P Ͻ 0.01 for all comparisons).
Microarray Analysis. To obtain comprehensive gene expression profiles modified by gefitinib or cetuximab treatment of A431 cells, we used cDNA microarray to investigate 6,386 genes represented by 9,726 clones. To evaluate the genes modified by gefitinib or cetuximab in a dose-independent manner, we calculated the average expression value of each gene for both doses of gefitinib (0.1 and 1 mol/L) and cetuximab (0.5 and 5 nmol/L).
After array processing, the genes were classified as commonly changed after treatment with gefitinib and cetuximab if their ratio were Ն2-fold up-or down-regulated with respect to untreated cells. By this criterion, there were 20 genes commonly up-regulated and 39 down-regulated genes (Table 5 ). We found that six genes involved in cell cycle control and DNA replication (cyclin H, C, and A, primase, and topoisomerase I and II) were similarly down-regulated by gefitinib and cetuximab. In addition, the expression of several molecules involved in cell adhesion control was affected by the treatment. Two integrins (␣6 and ␤5), four molecules of the cadherin superfamily, including E-cadherin gene (CDH1), and claudin 1, a major cell adhesion molecule in tight junctions, displayed a similar pattern of modulation by gefitinib and cetuximab. Interestingly, the expression of two genes coding for proteins involved in an important apoptotic pathway for tumor cells, such as FAS and TRAIL, and two major angiogenic factors (VEGF and PDGFA), were modified by the treatment with both anti-EGFR agents.
On the basis of t test statistical analysis, we identified 45 genes differentially expressed after treatment with gefitinib or cetuximab. Genes involved in multiple processes were found, including genes related to cell proliferation and differentiation (CDK7, EMS1, SMARCA5), transcription (E2F5, CRSP6, TRAF3), DNA synthesis and repair (TDG, RECQL), angiogenesis (ENG), signaling molecules (JAK1, PI3KCD), cytoskeleton organization (TLN1, MFAP1), and tumor invasion and metastasis (PLAU; Table 6 ). We validated the expression levels of selected genes obtained in array experiments by semiquantitative reverse transcription-PCR (CDH1, EMS1, PLAU, and PI3KCD) and by quantitative real-time PCR (TRAIL; Fig. 8 ).
DISCUSSION
In the present study, we have observed that the combination of cetuximab and gefitinib is synergistic both in vitro and in vivo. The in vitro studies suggest that the synergism is limited to cell lines that have medium-to-high levels of EGFR expression and that are sensitive to both single-agent cetuximab and ge- Note. This table includes the genes that were differentially expressed in A431 cells treated with gefitinib or cetuximab. The genes were considered differentially expressed if they had an unadjusted P value of Յ0.03 (t test).
fitinib. The antitumor effects with the combination were observed, although maximally inhibitory single-agent dosing was used. In the A431 xenograft model, the combined treatment was synergistic in all of the experiments and resulted in a high rate of complete and persistent tumor regressions. The lack of recurrence after months of follow-up in the combination groups is an important finding because, as previously reported and confirmed in the present study, the highest doses of cetuximab and gefitinib always result in tumor regrowth on treatment discontinuation (25, 26) .
We explored potential mechanisms underlying the observed synergy of the combination. On one hand, the two agents given together exerted a superior blockade on EGFR activation and downstream signaling, which resulted in a greater degree of inhibition of phosphorylation of the receptor, MAPK and Akt. These effects were seen both in vitro and in vivo. In addition to analyzing these well-known EGFR signaling pathways, we took a broader approach, that is, with cDNA microarrays. In total, there were 59 genes that were regulated in the same way and with similar magnitude (Ն2-fold up-or down-regulated with respect to untreated cells) by the two treatments (20 up-regulated and 39 down-regulated). In this set of genes, an important control of the assay was provided by the observed down-regulation of VEGF with both agents, a well known effect of EGFR inhibition (27) (28) (29) . In our studies, we observed a several-fold decrease of tumor vascularization in the combination group, which could be a consequence of VEGF repression. We also observed up-regulation of genes coding the cell adhesion molecules cadherin E and claudin 1. EGFR activation leads to the inactivation of the E-cadherin/catenin complex in cancer cells, which appears to be critical for control of intercellular adhesion (30) It is, therefore, not surprising to observe up-regulation of E-cadherin as a consequence of EGFR blockade (31) . The up-regulation of claudin-1, a structural component of the tight junctions, it is also fitting with the observation that the pharmacological inhibition of MAPK kinase (MEK1) in ras-transformed cells results in restoration of claudin-1 function and the assembling of tight cell junctions (32) . Another yet-undescribed effect of EGFR blockade with both agents was the up-regulation of the tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) gene that could potentially be related to the enhanced apoptosis that we observed (33) . This finding could be complementary to the previously reported TRAIL-independent induction of caspase-8 with cetuximab (34) .
We identified 45 genes differentially expressed after treatment with gefitinib or cetuximab, including genes related to cell proliferation and differentiation, transcription, DNA synthesis and repair, angiogenesis, signaling molecules, cytoskeleton organization, and tumor invasion and metastasis. We found of particular interest that gefitinib and cetuximab significantly reduced the expression of PLAU, the gene coding for urokinasetype plasminogen activator (uPA). uPA, an extracellular serine protease, functions in conjunction with cell surface receptor uPAR in the creation of an active plasmin protease; the uPA system has been proposed to play a key role during cell invasion and it has been demonstrated that increased uPA and uPAR expression in many tumor types predicts a poor patient prognosis (35) . Previous studies have demonstrated that TGF-␣, an EGFR ligand, increases uPA in cultured human keratinocytes (36) , and, more recently, it has been demonstrated that the EGFR plays a central role in mediating cellular growth signals initiated by uPAR and integrins (37) . The uPAR/integrin complex activates the EGFR and MAPK in a ligand-independent fashion, and it has been proposed that this could be a mechanism of resistance to anti-EGFR monoclonal antibodies because they prevent ligand-mediated receptor activation, but not ligandindependent EGFR signaling (37) . The finding that uPA decreases markedly with cetuximab may invalidate this hypothesis and suggest a previously undescribed mechanism of action of anti-EGFR therapies. Interestingly, another of the genes differentially expressed between cells treated with gefitinib or cetuximab was EMS1. EMS1 localizes to chromosomal locus 11q13, a region commonly amplified in breast cancers and squamous cell carcinomas of the head and neck (38) . EMS1 codes for cortactin, a protein that seems to play an important role in regulating the trafficking of receptor-containing vesicles after EGFR internalization (39) . Also, the functional properties of cortactin suggest a link with tumor cell invasion (40) . Our preliminary results suggest that targeting the EGFR function by gefitinib and cetuximab treatment might inhibit tumor invasiveness through the uPA and/or cortactin pathways.
Further analysis of the full panel of coregulated and differentially regulated genes may provide a deeper insight into the molecular mechanisms by which gefitinib and cetuximab exert their antitumor effects and may further explain their complementary antitumor activity. At the cellular function level, the effects of the combined treatment were a profound decrease in proliferation and vascularization as well as an enhancement of apoptosis (Fig. 7B) .
Our results suggest the coexistence of shared and complementary mechanisms of action with these agents that could be the basis for the observed synergism with the combination. In addition, the study of genes that are coregulated by the two classes of agents could lead to the identification of a "receptorsensitive signature" that would be instrumental to the identification of tumors sensitive to EGFR inhibition in the clinic. The presence of genes differently regulated may also be useful to understand differences in the clinical activity profile with these two agents. On the basis of results of this combination, we have started a clinical study of gefitinib plus cetuximab in patients with advanced EGFR-expressing tumors. In this study we have incorporated, as in other ongoing studies with anti-EGFR agents (11) , sequential tumor biopsies to test the applicability of genomic profiling as a predictor tool of benefit to these therapies. If this combined approach turns out to be safe and active, the concept of combined molecular targeting of the EGFR could represent a novel strategy in the field of molecular therapeutics.
